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Musculoskeletal models are widely used to estimate joint kinematics, intersegmental loads, and muscle
and joint contact forces during movement. These estimates can be heavily affected by the soft tissueKeywords:
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artefact (STA) when input positional data are obtained using stereophotogrammetry, but this aspect has
not yet been fully characterised for muscle and joint forces. This study aims to assess the sensitivity to the
STA of three open-source musculoskeletal models, implemented in OpenSim.
A baseline dataset of marker trajectories was created for each model from experimental data of one
healthy volunteer. Five hundred STA realizations were then statistically generated using a marker-
dependent model of the pelvis and lower limb artefact and added to the baseline data. The STA's impact
on the musculoskeletal model estimates was ﬁnally quantiﬁed using a Monte Carlo analysis.
The modelled STA distributions were in line with the literature. Observed output variations were
comparable across the three models, and sensitivity to the STA was evident for most investigated
quantities. Shape, magnitude and timing of the joint angle and moment time histories were not sig-
niﬁcantly affected throughout the entire gait cycle, whereas magnitude variations were observed for
muscle and joint forces. Ranges of contact force variations differed between joints, with hip variations up
to 1.8 times body weight observed. Variations of more than 30% were observed for some of the muscle
forces.
In conclusion, musculoskeletal simulations using stereophotogrammetry may be safely run when
only interested in overall output patterns. Caution should be paid when more accurate estimated values
are needed.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Stereophotogrammetric recordings of skin-mounted marker
trajectories and ground reactions are fed to musculoskeletal
models (MSMs) with the aim of estimating joint angles, inter-
segmental loads, and muscle and joint contact forces during
movement (Anderson et al., 2007; Delp et al., 2007). Unfortu-
nately, the skin-mounted markers move over the underlying bone
generating the so-called “soft tissue artefact” (STA) which makes
the estimation of the instantaneous skeletal pose awkward
(Leardini et al., 2005). Normally, MSMs cope with this problem by
using a multibody optimization method which embeds a leastr Ltd. This is an open access article
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and O’Connor, 1999). The residual artefact, however, might still
propagate to MSM estimates, with an effect that is still unclear,
especially as far as muscle and joint forces are concerned.
Recent studies attempted to address the aforementioned problem
by quantifying the sensitivity of MSMs estimates to the STA. El
Habachi et al. (2015), using a global probabilistic approach and, con-
trary to the available evidence (Leardini et al., 2005; Peters et al.,
2010), modelling the STA with the same statistics for all markers
independently from their location on the body, showed that the STA
may cause joint angle variations of up to 36°. The variations of muscle
and joint contact forces were not investigated. Myers et al. (2015)
investigated the effects of the propagation of the STA for the MSM
proposed by Delp et al. (1990) through a Monte Carlo analysis and
showed that the STA can induce variations in the joint angles that are
1.8 times higher than the uncertainties due to anatomical landmark
identiﬁcation. Myers et al. (2015) also investigated the variationsunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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2.3 to 4 times higher than those induced by improper positioning of
skin markers on the anatomical landmarks and uncertainties in
estimating the inertial parameters (i.e., mass, moment of inertia and
centre of mass). The same authors also reported an impact on muscle
forces, with variations due to the STA that, for gluteus medius and
medial gastrocnemius, reached 50%. These effects, however, were
about half of those generated by the inaccuracies affecting musculo-
tendon parameters such as pennation angle, maximum isometric
force, and tendon slack length. In this study, the STA model embed-
ded marker-speciﬁc parameters which were also gait-phase depen-
dent. However, STAs were constrained to have a maximal amplitude
of 15 mm, in contrast with the values reported in the literature, for
example the 40 mm observed at the thigh (Leardini et al., 2005;
Peters et al., 2010). Finally, the effects on joint contact forces were not
investigated.
It therefore appears that the available information is limited to
particular types of MSMs, not all of which are publically available,
to a speciﬁc subset of model outputs, and to simpliﬁed STA
designs. Thus, a conclusive quantiﬁcation of the sensitivity of the
estimates of different MSMs to a realistic and comprehensive STA
representation is still lacking.
The aim of the present study was thus to investigate the sen-
sitivity of joint angles, joint moments, and muscle and joint con-
tact forces to a STA consistent with the best knowledge available in
the literature using three different open-source MSMs and rele-
vant tools, which are commonly used in research contexts (Arnold
et al., 2010; Delp et al., 1990; Modenese et al., 2011). A probabilistic
approach and published STA models were used to design a realistic
set of artefact-affected marker trajectories and, through a Monte
Carlo analysis, assess the statistical impact of the artefact on the
outputs of the selected MSMs when studying the gait of a repre-
sentative subject.2. Materials and methods
A single healthy participant (male, age: 28 years, stature: 1.90 m, mass: 82 kg)
was enrolled in the study after providing informed consent. Ethical approval for the
study was obtained from the University Research Ethics Committee at the Uni-
versity of Shefﬁeld.
Overall, twenty-eight 8mm-diameter reﬂective skin-markers were attached
using double-sided tape to the feet (8), shanks (8), thighs (8), and pelvis (4). They
were placed on the following anatomical landmarks (anatomical markers): anterior
and posterior superior iliac spines (ASIS and PSIS), lateral femoral condyle (LE),
tibial tuberosity (TT), lateral malleolus (LM), posterior distal aspect of the heel
(HEE), forefoot (midpoint between second and third metatarsal heads; FF), heads of
ﬁrst and ﬁfth metatarsals (MT1 and MT5). Furthermore, additional markers were
placed in the following positions (technical markers): laterally and equidistant
along the length of the thigh (TH1, TH2 and TH3), and anterior and lateral to the
mid-shank (SH1 and SH2). Marker trajectories were recorded using an 8-camera
stereophotogrammetric system (Vicon MX, Vicon Motion Systems Ltd, Oxford, UK,
100 frames per second) with synchronized measurement of the ground reaction
forces obtained using two strain-gauge force plates (Bertec Corp., Columbus, OH,
USA, 1000 samples per second). Motion tasks included a static standing posture
with each foot on the two separate force platforms and ﬁve acquisitions of level
walking at self-selected speed.Table 1
Musculoskeletal models used to perform the sensitivity analysis.
Model name (Acronym) References
Lower Limb 2010 (ALLM) Arnold et al. (2010); Ward et al., 2009
Gait 2392 (G2392) Delp et al. (1990); Yamaguchi and Zajac, 1989
London Lower Limba (LLLM) Klein Horsman et al., 2007; Modenese et al. (2011)
a Single lower limb model.
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Three lower limb MSMs, named ALLM, G2392, and LLLM respectively were
downloaded from www.simtk.org. ALLM and G2392 were chosen for being widely
adopted and cited. LLLM was chosen as being the one that most differed from them
in terms of bone geometries, joint constraints, muscular attachment sites and lines-
of-action, number of muscle bundles, and for being a single lower limb model
(Table 1). This last characteristic inﬂuences the model estimates because a multi-
body optimization is employed.
Each generic MSM, which includes the above-mentioned anatomical markers,
was scaled to match the volunteer's anthropometry estimated using the ratio
between the lengths of the model segments and those computed from the
experimental data. The pelvis was scaled using the distance between the right and
left anterior superior iliac spines, and the distance between the mid-points of the
anterior and posterior superior iliac spines. The joint centres were located using the
marker positions as acquired in a static trial and the Harrington regression equa-
tions (Harrington et al., 2007) for the hip joint, the mid-point between the femoral
epicondyles for the knee joint, and the mid-point between the malleoli for the
ankle joint. The size of the thighs, shanks and feet was scaled using the distances
between the hip and knee centres, knee and ankle centres, and heel and second
metatarsal head markers, respectively. The technical markers were ﬁnally
embedded in the scaled MSMs by registering, using the multibody optimization
method, the anatomical markers of each model with the corresponding anatomical
markers placed on the volunteer as recorded during the static trial. The segment
masses in the model were uniformly scaled to match the total body mass of the
participant.
The maximal isometric forces of the muscles represented in the MSMs, which
are parameters needed to solve the myoskeletal indeterminacy problem (Viceconti
et al., 2006), were uniformly scaled following criteria described in previous studies
(Arnold et al., 2013; Laughlin et al., 2011; Mokhtarzadeh et al., 2014). In particular, a
scaling factor equal to the ratio between the volunteer lower limb mass, estimated
as a percentage of the total mass (De Leva, 1996), and the corresponding generic
MSM lower limb mass was used. However, when using ALLM and LLLM during gait,
some muscles resulted fully activated, reaching the maximal force values per-
mitted. Given the nature of walking as a sub-maximal motor act, this is an unlikely
outcome, so the affected maximal forces deﬁned in the MSMs, were increased by
up to a factor of three, conﬁdent in the fact that this would not signiﬁcantly
inﬂuence the sensitivity analysis of the present study.
One gait cycle was simulated for the participant's dominant lower limb using
the standard OpenSim pipeline (Delp et al., 2007). First run was the “inverse
kinematics” analysis which uses a multibody optimization algorithm to determine
the joint angles that best ﬁt the experimental trajectories collected during one
selected walking trial (Lu and O’Connor, 1999). The RMS difference between the
virtual and experimental markers was on average 1.3 cm, 1.2 cm and 0.9 cm for
ALLM, G2392 and LLLM, respectively, with a maximum tracking error lower than
4.1 cm, 3.6 cm and 3.6 cm, respectively. The joint moments were calculated through
inverse dynamics and decomposed into muscle forces by minimizing the sum of
the squared muscle activations while neglecting the force-length-velocity rela-
tionships of muscles (Anderson and Pandy, 2001). The residuals at the hip, knee
and ankle were all below 0.06 Nm and hence far less than 1% of the COM height
times the magnitude of the measured net external force, which is the limit sug-
gested by Hicks et al. (2015). Finally, joint contact forces were calculated by solving
the static equilibrium conditions for each segment. The estimation of the knee
contact force was only performed for G2392. This was due to the fact that in both
ALLM and LLLM the pose of the patella is deﬁned as a function of the tibio-femoral
joint ﬂexion-extension angle, which has been proven to lead to inaccurate esti-
mates of the overall tibio-femoral contact force when computed using the available
OpenSim tools (Koehle and Hull, 2008; Wagner et al., 2013). Since implementing
ad-hoc tools to perform this calculation was beyond the scope of this study, rele-
vant data will not be reported for these models. All analyses were conducted using
OpenSim 3.1 (Delp et al., 2007) and MATLAB scripts (The MathWorks Inc., USA,
version 2015a), including the publically available libraries (Barre and Armand,
2014; Mantoan et al., 2015).
All estimated joint angles, joint moments, and muscle and joint contact forces
showed good agreement with the literature (Kadaba et al., 1989; Martelli et al.,
2014; Modenese and Phillips, 2012; Prinold et al., 2016; Valente et al., 2014;Segments Joints Degreesof freedom Ipsilateral muscle bundles
12 10 19 45
8 8 19 43
6 6 12 163
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Table 2
STA design per marker. The ﬁrst letter in the marker code indicates the body side (R¼right, L¼ left).
STA model Marker
acronym
Segment Equations Parameters / Range of parameters Reference papers
Sinusoidal
RASIS
Pelvis
Amx ¼ 17;Amy ¼ 20;Amz ¼ 26;
Chèze et al. (1995); Rozumalski et al. (2007)
LASIS
A95ICx ¼ 3;A95ICy ¼ 8;A95ICz ¼ 6;
STAX ¼ AX ∙ sin ðω∙tþφÞ ωr25rads ;φr2π
RPSIS
STAY ¼ AY ∙ sin ðω∙tþφÞ Amx ¼ 14;Amy ¼ 8;Amz ¼ 12;
STAZ ¼ AZ ∙ sin ðω∙tþφÞ A95ICx ¼ 2;A95ICy ¼ 2;A95ICz ¼ 1;
LPSIS ωr25rads ;φr2π
Kinematics-
dependent
RTH1a
Right thigh
STAvector ið Þ ¼ hα  hipFE hαRTH1; hβRTH1 ;hγRTH1 ; hδRTH1 ;h0RTH1
Bonci et al. (2014)
RTH2a þhβ  hipAAþhγ hipIE hαRTH2 ;hβRTH2 ; hγRTH2; hδRTH2 ; h0RTH2
RTH3a þhδ  kneeFEþh0; hαRTH3 ;hβRTH3 ; hγRTH3; hδRTH3 ; h0RTH3
for i¼ x; y; z
Sinusoidal
RLEa Right thigh Ar30;ωr25rads ;φr2π
Chèze et al. (1995); Dumas and Cheze (2009)RSH1
a
Right shank Ar15;ωr25rads ;φr2πRSH2
a
RTTa STAX ¼ A∙ sin ðω∙tþφÞ
RLMa Right shank STAY ¼ A∙ sin ðω∙tþφÞ Ar4:3;ωr25rads ;φr2π
Chèze et al. (1995); Tranberg and Karlsson
(1998)
RHEEa
Right foot
STAZ ¼ A∙ sin ðω∙tþφÞ Ar2:56;ωr25rads ;φr2π
RFFa
Ar1:81;ωr25rads ;φr2πRMT1
a
RMT5a
a Model markers repeated for the left lower limb for G2392 and ALLM.
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consistent with larger measured ground reaction forces.
2.2. Baseline dataset and probabilistic design of the parametric STA
A probabilistic approach, based on a Monte Carlo analysis, was used to evaluate
the impact of the STA on the three selected MSMs. For each MSM, a set of marker
trajectories was synthetically created as a baseline dataset for this sensitivity
analysis. This was achieved by running the “point kinematics” tool which, given the
calculated joint angles, provides the global coordinates of the markers that are
rigidly attached to the model body segments for each instant in time. As such, these
coordinates are time-invariant when observed from their respective anatomical
frames.
The STAs for the feet, shanks, lateral femoral epicondyles and pelvis markers
were modelled as sinusoidal functions of time described by nine parameters
representing amplitude, frequency and phase of each marker's spatial coordinates
(Chèze et al., 1995). Their statistical representation was obtained using their mean
range7three standard deviations. The pelvis marker amplitudes were varied non-
uniformly for the three spatial coordinates using the mean values and 95% con-
ﬁdence intervals reported by Rozumalski et al. (2007). The shank STA amplitudes
were computed using the values suggested by Dumas and Cheze (2009) with the
foot amplitudes similarly determined using the values reported by Tranberg and
Karlsson (1998).
The STAs for the lateral-thigh markers were modelled as a linear function of the
three hip angular rotations and the knee ﬂexion angle (Bonci et al., 2014). Each
coordinate of these STAs was described by four coefﬁcients, which were used to
multiply the reference hip ﬂexion, abduction, rotation and knee ﬂexion angles
respectively, and by one constant (h°, Table 2). The mean value for the statistical
distribution of the four coefﬁcients was set to be equal to the values of the ex-vivo
dataset of Subject 1 reported in Bonci et al. (2014). The standard deviation was
computed using the ratio between the root mean square values of the STA com-
ponents of the same subject and the average value of the corresponding joint
angles over the gait cycle. The mean and standard deviation values for h° were set
using the standing joint angle statistics reported in Hemmerich et al. (2006). As a
result of the above calculations, 22 sinusoidal STAs and 6 kinematics-dependent
STAs were deﬁned for G2392 and ALLM, resulting in a total of 324 stochastic input
variables for the Monte Carlo analysis. For the single-leg LLLM, only 13 sinusoidal
STAs and 3 kinematics-dependent STAs were used, resulting in 162 input variables
for the statistical analysis.
A Latin Hypercube Sampling (LHS) method was then used to generate 500
samples for each of the stochastic variables, reﬂecting the mean and standard
deviation of each variable. The distributions generated were then checked for
normality using the Lilliefors test (Lilliefors, 1967). This process produced 500 STA
realizations in the local anatomical frames. A coordinate transformation to thePlease cite this article as: Lamberto, G., et al., To what extent is joi
sensitive to soft tissue artefacts? Journal of Biomechanics (2016), httlaboratory frame was then performed, in order to sum the STA realizations to the
reference marker trajectories and create the artefact-affected trajectories. Finally,
the artefact-affected trajectories were then iteratively fed to the corresponding
MSM. Joint angles, joint moments and muscle and joint contact forces were esti-
mated using the generated artefact-affected trajectories while keeping the same
measured ground reaction forces. Joint moments were normalized to the volun-
teer's mass and muscle and contact forces were expressed as multiples of body
weight (BW).
The appropriateness of using 500 as the sample size was assessed via con-
vergence analysis of the entire set of generated input and output variable dis-
tributions, where changes observed for samples higher than 300 were found to be
below a convergence threshold of 2% of the 50th–85th percentile (Martelli et al.,
2015). No discrepancies were observed among the investigated MSMs.
2.3. Data analysis
The distribution of the STA realizations of the pelvis and right lower limb was
calculated and compared with published STA measurements excluding those used
to generate the artefact-affected trajectories (Akbarshahi et al., 2010; Cappozzo
et al., 1996; Hara et al., 2014; Maslen and Ackland, 1994; Stagni et al., 2005; Tsai et
al., 2009; Wrbaskić and Dowling, 2007).
The sensitivity of each of the three MSMs was determined by calculating the
5th, 50th and 95th percentiles of their output for the right lower limb over the
entire gait cycle. The difference between the 95th and 5th percentile variation of
each output of interest (hereinafter referred to as the variation interval) was
described using maximum, mean and standard deviation values. Relative variations
were also quantiﬁed by calculating for each output the ratio between the mean
variation interval and the range of the 50th percentile.3. Results
The marker-depended STA distribution showed good agree-
ment to published STA measurements (Table 3). The STA for the
markers in the thigh segment exhibited the largest range of values
with mean and standard deviation reaching 39.7717.6 mm (peak
STA value: 46.6721.7 mm found for the RTH2 marker). The mean
STA for the markers on the pelvis was 28.776.7 mm (peak STA
value: 36.978.2 mm found for the ASIS markers), was for those on
the shank 11.973.8 mm (peak STA value: 14.574.6 mm found fornt and muscle mechanics predicted by musculoskeletal models
p://dx.doi.org/10.1016/j.jbiomech.2016.07.042i
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(peak STA value: 2.570.8 mm found for the RHEE marker).
The shape, magnitude and timing of the joint angle and
moment time histories were not signiﬁcantly affected throughout
the entire gait cycle (Fig. 1–4). Minor magnitude variations across
the different gait phases were observed in the muscle and joint
forces. These variations were consistently found in the estimates of
the three models, with the highest percentage values occurring for
the peak values of the quantities involved (Figs. 5 and 6).
The time histories of the muscle forces estimated using the three
MSMs showed similar patterns but different magnitudes. The largest
difference was found for the soleus and the gastrocnemius muscles,
where the peak values of the 95th percentile were 3.1 BWand 2.1 BW
as calculated by the ALLM, 3.3 BW and 1.5 BW as calculated by theTable 3
Mean (7 standard deviation) and peak (7 standard deviation) STA values from
the 500 samples.
Marker/Segment Mean7Std. (mm) Peak7Std. (mm)
RASIS 26.376.9 36.978.2
LASIS 26.276.9 36.978.2
RPSIS 14.374.0 20.475.2
LPSIS 14.574.0 20.575.2
Pelvis 20.375.5 28.776.7
RTH1 26.0711.6 44.4721.7
RTH2 26.1711.9 46.6721.7
RTH3 20.4710.1 38.6718.3
RLE 20.375.9 28.979.0
Thigh 23.279.9 39.7717.6
RSH1 10.172.9 14.574.6
RSH2 10.172.9 14.474.6
RTT 10.272.9 14.574.5
RLM 2.970.8 4.171.4
Shank 8.372.4 11.973.8
RHEE 1.770.5 2.570.8
RFF 1.270.4 1.770.6
RMT1 1.270.3 1.770.6
RMT5 1.270.4 1.870.5
Foot 1.470.4 1.970.6
Fig. 1. Joint angle variations for the ALLM across the gait cycle. The 5th and 95th percent
dashed line speciﬁes the right foot toe-off during the gait cycle.
Please cite this article as: Lamberto, G., et al., To what extent is joi
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The STA effect on the estimation of the joint reaction forces was joint-
dependent, showing the highest effect at the hip and a reduced
impact at the ankle. This was consistent across the three MSMs
analysed. The maximum force variation intervals at the hip were
1.8 BW, 1.5 BW and 1.6 BW for ALLM, G2392 and LLLM, respectively,
while the maximum knee force variation was 0.9 BW for G2392 and
the maximum ankle force variations were of about 0.6 BW for all
three MSMs. (Fig. 7).
For the pelvis and hip angles, relative variations higher than
30% occurred consistently for the three MSMs, whereas values
below 20% were observed for both the knee and ankle angles. The
relative variations found for the joint moments and muscle forces
ranged between 5% and 25% and were to a great extent consistent
across MSMs. For LLLM only, slightly higher values were found for
the soleus (38%), the gluteus maximus (31%) and the lateral gas-
trocnemius (31%). Finally, relative variations ranging from 5% to
15% were consistently found across the three MSMs for the joint
contact forces.4. Discussion
The aim of this study was to quantify the sensitivity of three
different musculoskeletal models to the soft tissue artefact
affecting their input positional measurements. This was achieved
through a probabilistic analysis, which overall showed that the
output variations increased from the ankle to the hip, while the
shape and magnitude of the outputs of interest were mostly pre-
served throughout the entire gait cycle. The observed effects were
similar across MSMs.
The STA realizations generated in this study were found to be in
line with measured STAs reported in the literature. The magnitude
of the STA estimated for the pelvis markers during walking was on
average 20 mm (Table 3) which, as expected, was higher than the
17 mm found by Hara et al. (2014) for multiple static standing
postures. STA magnitude was higher at the thigh than at the shank
(Table 3), as per in previous studies (Akbarshahi et al., 2010; Stagni
et al., 2005; Tsai et al., 2009). The average thigh STA peak-to-peakiles are shown in solid lines, while dotted lines are for the 50th percentile. A vertical
nt and muscle mechanics predicted by musculoskeletal models
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Fig. 2. Joint angle variations for the G2392 across the gait cycle. The 5th and 95th percentiles are shown in solid lines, while dotted lines are for the 50th percentile. A vertical
dashed line speciﬁes the right foot toe-off during the gait cycle.
Fig. 3. Joint angle variations for the LLLM across the gait cycle. The 5th and 95th percentiles are shown in solid lines, while dotted lines are for the 50th percentile. A vertical
dashed line speciﬁes the right foot toe-off during the gait cycle.
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in Akbarshahi et al., 2010, and 14 mm in Tsai et al., 2009), but its
40 mm peak value was in line with that reported by Cappozzo
et al. (1996) and Sati et al. (1996). Average values at the shank,
were similar to the 8 mm reported by Akbarshahi et al. (2010),
with lateral malleus values comparable to the 273 mm observed
in static positions by Maslen and Ackland, (1994). Finally, the low-
magnitude STA generated at the foot (peak values of 1.970.6 mm)
conﬁrmed the ﬂuoroscopy-based results of Wrbaskić and Dowling
(2007), who found strongly correlated patterns for skin and bone
mounted marker trajectories.
The sensitivity of the three selected MSMs to the STA was
evident for most of the investigated output quantities, withPlease cite this article as: Lamberto, G., et al., To what extent is joi
sensitive to soft tissue artefacts? Journal of Biomechanics (2016), httdifferent amplitudes but similar patterns observed for the three
models, despite the differences in their bone and joint deﬁnitions,
muscular-tendon parameters and even number of limbs. Max-
imum, mean and standard deviation of the output variation
intervals increased from the ankle to the hip for most of the
variables. When investigating the probabilistic effect of the STA on
joint kinematics for different models, El Habachi et al. (2015)
found a different pattern, with the highest values reported for the
ankle. This disagreement is likely due to the fact that, in contrast
with the literature, they considered the pelvis and foot segments
affected by a STA modelled with the same amplitude. Our results
partially differ also from those of Myers et al. (2015), who also
investigated G2392. They observed mean joint angle variationnt and muscle mechanics predicted by musculoskeletal models
p://dx.doi.org/10.1016/j.jbiomech.2016.07.042i
Fig. 4. Joint moment variations for the observed MSMs across the gait cycle. The top, middle and lower panels contain the output variations for ALLM, G2392 and LLLM,
respectively.
Fig. 5. Muscle force variations for the observed MSMs across the gait cycle. The top, middle and lower panels contain the output variations for ALLM, G2392 and LLLM,
respectively.
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dorsiﬂexion, respectively, whereas we found values of 15°, 8° and
6°, respectively. However, Myers et al. (2015) set a maximum
constraint of 15 mm for their probabilistically generated STA.
Although this constraint seems to be plausible for the markers
used to estimate the foot kinematics, much higher values would be
expected for the pelvis and thigh markers, and this may explain
the divergence from our results. This may also explain the similar
variation of the joint moments at the ankle (0.03 Nm/kg) and the
almost doubled variation at the hip and the knee as compared to
corresponding variations reported by Myers et al., (hip: 0.09 Nm/
kg vs 0.24 Nm/kg; knee: 0.07 Nm/kg vs 0.14 Nm/kg).
The present study was affected by some limitations. Firstly,
only gait was investigated while different motor tasks exhibiting a
larger range of motion such as squatting or running may have
shown different sensitivities to the STA. Further studies are how-
ever needed to prove this prediction. Secondly, we limited the
analysis to data from one representative subject of an adultPlease cite this article as: Lamberto, G., et al., To what extent is joi
sensitive to soft tissue artefacts? Journal of Biomechanics (2016), htthealthy population and caution should therefore be used when
considering the reported results in association with data from
pathological or paediatric populations. Their gait kinematics may
in fact be characterised by different baseline datasets with the
corresponding sensitivity analysis leading to different output var-
iations. Thirdly, we investigated the model sensitivity to STA alone
while the interaction between this aspect and other parameters
and assumptions (e.g. model anatomy, inertial parameters, and
muscle function) may have altered the model sensitivity further.
More research is needed to fully address this aspect. Lastly, the STA
design used in this study might be limited by the fact that the
experimental STA measurements used for the different body seg-
ments were obtained with different techniques and this might
have affected the different variations observed among the inves-
tigated joints.
Despite the above limitations, the present study provides useful
information to deal with the unsolved problem of the STA that inevi-
tably propagates to the estimates of MSMs. The reported resultsnt and muscle mechanics predicted by musculoskeletal models
p://dx.doi.org/10.1016/j.jbiomech.2016.07.042i
Fig. 6. Joint contact force variations for the observedMSMs across the gait cycle. The top, middle and lower panels contain the output variations for ALLM, G2392 and LLLM, respectively.
Fig. 7. Output variation intervals. Maximum, mean and standard deviation are displayed for each range, each variable and each MSM. Solid ﬁlled bars show the mean values
while the corresponding standard deviations and maximum values are presented upward as error bars and solid bounding boxes, respectively.
G. Lamberto et al. / Journal of Biomechanics ∎ (∎∎∎∎) ∎∎∎–∎∎∎ 7suggest that current MSMs, driven by stereophotogrammetric record-
ings of skin-mounted marker trajectories, might be effectively used
when an overall pattern is more important than an accuratePlease cite this article as: Lamberto, G., et al., To what extent is joi
sensitive to soft tissue artefacts? Journal of Biomechanics (2016), httquantitative estimation, such as in comparative cohort-based studies.
The amount of observed variation, higher than 30% in some cases,
suggests that caution should be exercised in interpreting the resultsnt and muscle mechanics predicted by musculoskeletal models
p://dx.doi.org/10.1016/j.jbiomech.2016.07.042i
G. Lamberto et al. / Journal of Biomechanics ∎ (∎∎∎∎) ∎∎∎–∎∎∎8when MSMs are used for applications requiring a very accurate level of
estimation, and in particular when they are used for subject-speciﬁc
estimation of joint kinetics and bone strains. More research is required
to optimize marker sets and their placement, the inverse kinematics
algorithm and to develop STA compensation techniques.Conﬂict of interest statement
All authors declare that no ﬁnancial and personal relationships
exist which could inappropriately inﬂuence their work.Acknowledgements
This study was partially supported by the European Commis-
sion, 7th FP, “MD- Paedigree”, ICT Programme (Contract Number
600932). The UK EPSRC (EP/K03877X/1) and the Australian
Research Council (DE140101530) are also acknowledged. The
models and data used for this study can be freely downloaded
DOI: 10.15131/shef.data.3502652.References
Akbarshahi, M., Schache, A.G., Fernandez, J.W., Baker, R., Banks, S., Pandy, M.G.,
2010. Non-invasive assessment of soft-tissue artifact and its effect on knee joint
kinematics during functional activity. J. Biomech. 43, 1292–1301. http://dx.doi.
org/10.1016/j.jbiomech.2010.01.002.
Anderson, A.E., Ellis, B.J., Weiss, J.A., 2007. Veriﬁcation, validation and sensitivity
studies in computational biomechanics. Comput. Methods Biomech. Biomed.
Eng. 10, 171–184. http://dx.doi.org/10.1080/10255840601160484.
Anderson, F.C., Pandy, M.G., 2001. Static and dynamic optimization solutions for
gait are practically equivalent. J. Biomech. 34, 153–161. http://dx.doi.org/
10.1016/S0021-9290(00)00155-X.
Arnold, E.M., Hamner, S.R., Seth, A., Millard, M., Delp, S.L., 2013. How muscle ﬁber
lengths and velocities affect muscle force generation as humans walk and run
at different speeds. J. Exp. Biol. 216, 2150–2160. http://dx.doi.org/10.1242/
jeb.075697.
Arnold, E.M., Ward, S.R., Lieber, R.L., Delp, S.L., 2010. A model of the lower limb for
analysis of human movement. Ann. Biomed. Eng. 38, 269–279. http://dx.doi.
org/10.1007/s10439-009-9852-5.
Barre, A., Armand, S., 2014. Biomechanical ToolKit: Open-source framework to
visualize and process biomechanical data. Comput. Methods Prog. Biomed. 114,
80–87. http://dx.doi.org/10.1016/j.cmpb.2014.01.012.
Bonci, T., Camomilla, V., Dumas, R., Chèze, L., Cappozzo, A., 2014. A soft tissue
artefact model driven by proximal and distal joint kinematics. J. Biomech. 47,
2354–2361. http://dx.doi.org/10.1016/j.jbiomech.2014.04.029.
Cappozzo, A., Catani, F., Leardini, A., Benedetti, M.G., Della Croce, U., 1996. Position
and orientation in space of bones during movement: Experimental artefacts.
Clin. Biomech. 11, 90–100. http://dx.doi.org/10.1016/0268-0033(95)00046-1.
Chèze, L., Fregly, B.J., Dimnet, J., 1995. A solidiﬁcation procedure to facilitate kine-
matic analyses based on video system data. J. Biomech. 28, 879–884. http://dx.
doi.org/10.1016/0021-9290(95)95278-D.
De Leva, P., 1996. Adjustments to zatsiorsky-seluyanov's segment inertia para-
meters. J. Biomech. 29, 1223–1230. http://dx.doi.org/10.1016/0021-9290(95)
00178-6.
Delp, S.L., Anderson, F.C., Arnold, A.S., Loan, P., Habib, A., John, C.T., Guendelman, E.,
Thelen, D.G., 2007. OpenSim: Open-Source Software to Create and Analyze
Dynamic Simulations of Movement. IEEE Trans. Biomed. Eng. 54, 1940–1950.
http://dx.doi.org/10.1109/TBME.2007.901024.
Delp, S.L., Loan, J.P., Hoy, M.G., Zajac, F.E., Topp, E.L., Rosen, J.M., 1990. An interactive
graphics-based model of the lower extremity to study orthopaedic surgical
procedures. IEEE Trans. Biomed. Eng. 37, 757–767. http://dx.doi.org/10.1109/
10.102791.
Dumas, R., Cheze, L., 2009. Soft tissue artifact compensation by linear 3D inter-
polation and approximation methods. J. Biomech. 42, 2214–2217. http://dx.doi.
org/10.1016/j.jbiomech.2009.06.006.
El Habachi, A., Moissenet, F., Duprey, S., Cheze, L., Dumas, R., 2015. Global sensitivity
analysis of the joint kinematics during gait to the parameters of a lower limb
multi-body model. Med. Biol. Eng. Comput., 655–667. http://dx.doi.org/
10.1007/s11517-015-1269-8.
Hara, R., Sangeux, M., Baker, R., McGinley, J., 2014. Quantiﬁcation of pelvic soft
tissue artifact in multiple static positions. Gait Posture 39, 712–717. http://dx.
doi.org/10.1016/j.gaitpost.2013.10.001.
Harrington, M.E., Zavatsky, a B., Lawson, S.E.M., Yuan, Z., Theologis, T.N., 2007.
Prediction of the hip joint centre in adults, children, and patients with cerebralPlease cite this article as: Lamberto, G., et al., To what extent is joi
sensitive to soft tissue artefacts? Journal of Biomechanics (2016), httpalsy based on magnetic resonance imaging. J. Biomech. 40, 595–602. http://dx.
doi.org/10.1016/j.jbiomech.2006.02.003.
Hemmerich, A., Brown, H., Smith, S., Marthndam, S.S.K., Wyss, U.P., 2006. Hip, knee,
and ankle kinematics of high range of motion. J. Orthop. Res. 11, 770–781. http:
//dx.doi.org/10.1002/jor.
Hicks, J.L., Uchida, T.K., Seth, A., Rajagopal, A., Delp, S., 2015. Is my model good
enough? Best practices for veriﬁcation and validation of musculoskeletal
models and simulations of human movement. J. Biomech. Eng. 137. http://dx.
doi.org/10.1115/1.4029304.
Kadaba, M.P., Ramakrishnan, H.K., Wootten, M.E., Gainey, J., Gorton, G., Cochran, G.
V., 1989. Repeatability of kinematic, kinetic, and electromyographic data in
normal adult gait. J. Orthop. Res. 7, 849–860. http://dx.doi.org/10.1002/
jor.1100070611.
Klein Horsman, M.D., Koopman, H.F.J.M., van der Helm, F.C.T., Prosé, L.P., Veeger, H.
E.J., 2007. Morphological muscle and joint parameters for musculoskeletal
modelling of the lower extremity. Clin. Biomech. (Bristol, Avon) 22, 239–247.
http://dx.doi.org/10.1016/j.clinbiomech.2006.10.003.
Koehle, M.J., Hull, M.L., 2008. A method of calculating physiologically relevant joint
reaction forces during forward dynamic simulations of movement from an
existing knee model. J. Biomech. 41, 1143–1146. http://dx.doi.org/10.1016/j.
jbiomech.2007.11.020.
Laughlin, W.A., Weinhandl, J.T., Kernozek, T.W., Cobb, S.C., Keenan, K.G., O’Connor,
K.M., 2011. The effects of single-leg landing technique on ACL loading. J. Bio-
mech. 44, 1845–1851. http://dx.doi.org/10.1016/j.jbiomech.2011.04.010.
Leardini, A., Chiari, L., Della Croce, U., Cappozzo, A., 2005. Human movement ana-
lysis using stereophotogrammetry. Part 3. Soft tissue artifact assessment and
compensation. Gait Posture 21, 212–225. http://dx.doi.org/10.1016/j.
gaitpost.2004.05.002.
Lilliefors, H.W., 1967. On the Kolmogorov-Smirnov test for normality with mean
and variance unknown. J. Am. Stat. Assoc. 62, 399–402. http://dx.doi.org/
10.1080/01621459.1967.10482916.
Lu, T.-W., O’Connor, J.J., 1999. Bone position estimation from skin marker co-
ordinates using global optimisation with joint constraints. J. Biomech. 32,
129–134. http://dx.doi.org/10.1016/S0021-9290(98)00158-4.
Mantoan, A., Pizzolato, C., Sartori, M., Sawacha, Z., Cobelli, C., Reggiani, M., 2015.
MOtoNMS: a MATLAB toolbox to process motion data for neuromusculoskeletal
modeling and simulation. Source Code Biol. Med. 10, 12. http://dx.doi.org/
10.1186/s13029-015-0044-4.
Martelli, S., Valente, G., Viceconti, M., Taddei, F., 2014. Sensitivity of a subject-
speciﬁc musculoskeletal model to the uncertainties on the joint axes location.
Comput. Methods Biomech. Biomed. Eng. 18, 1555–1563. http://dx.doi.org/
10.1080/10255842.2014.930134.
Maslen, B. a, Ackland, T.R., 1994. Radiographic study of skin displacement errors in
the foot and ankle during standing. Clin. Biomech. 9, 291–296. http://dx.doi.
org/10.1016/0268-0033(94)90041-8.
Modenese, L., Phillips, a T.M., Bull, a M.J., 2011. An open source lower limb model:
hip joint validation. J. Biomech. 44, 2185–2193. http://dx.doi.org/10.1016/j.
jbiomech.2011.06.019.
Modenese, L., Phillips, A.T.M., 2012. Prediction of hip contact forces and muscle
activations during walking at different speeds. Multibody Syst. Dyn. 28,
157–168. http://dx.doi.org/10.1007/s11044-011-9274-7.
Mokhtarzadeh, H., Perraton, L., Fok, L., Muñoz, M.A., Clark, R., Pivonka, P., Bryant, A.
L., 2014. A comparison of optimisation methods and knee joint degrees of
freedom on muscle force predictions during single-leg hop landings. J. Bio-
mech. 47, 2863–2868. http://dx.doi.org/10.1016/j.jbiomech.2014.07.027.
Myers, C. a, Shelburne, K.B., Laz, P.J., Davidson, B.S., 2015. A probabilistic approach to
quantify the impact of uncertainty propagation in musculoskeletal simulations.
Ann. Biomed. Eng. Rev., 1098–1111. http://dx.doi.org/10.1007/s10439-014-1181-7.
Peters, A., Galna, B., Sangeux, M., Morris, M., Baker, R., 2010. Quantiﬁcation of soft
tissue artifact in lower limb human motion analysis: a systematic review. Gait
Posture 31, 1–8. http://dx.doi.org/10.1016/j.gaitpost.2009.09.004.
Prinold, J. a I., Mazzà, C., Di Marco, R., Hannah, I., Malattia, C., Magni-Manzoni, S.,
Petrarca, M., Ronchetti, A.B., Tanturri de Horatio, L., van Dijkhuizen, E.H.P.,
Wesarg, S., Viceconti, M., 2016. A patient-speciﬁc foot model for the estimate of
ankle joint forces in patients with juvenile idiopathic arthritis. Ann. Biomed.
Eng. 44, 247–257. http://dx.doi.org/10.1007/s10439-015-1451-z.
Rozumalski, A., Schwartz, M.H., Novacheck, T.F., Wervey, R., Swanson, A., Dykes, D.
C., 2007. Quantiﬁcation of pelvic soft tissue artifact. Gait Clin. Mov. Anal. Soc.,
10–11.
Sati, M., De Guise, J.A., Larouche, S., Drouin, G., 1996. Quantitative assessment of
skin-bone movement at the knee. Knee 3, 121–138. http://dx.doi.org/10.1016/
0968-0160(96)00210-4.
Stagni, R., Fantozzi, S., Cappello, A., Leardini, A., 2005. Quantiﬁcation of soft tissue
artefact in motion analysis by combining 3D ﬂuoroscopy and stereo-
photogrammetry: a study on two subjects. Clin. Biomech. 20, 320–329. http:
//dx.doi.org/10.1016/j.clinbiomech.2004.11.012.
Tranberg, R., Karlsson, D., 1998. The relative skin movement of the foot: a 2-D
roentgen photogrammetry study. Clin. Biomech. 13, 71–76. http://dx.doi.org/
10.1016/S0268-0033(97)00052-1.
Tsai, T.-Y., Lu, T.-W., Kuo, M.-Y., Hsu, H.-C., 2009. Quantiﬁcation of three-dimensional
movement of skin markers relative to the underlying bones during functional
activities. Biomed. Eng. Appl. Basis Commun. 21, 223–232. http://dx.doi.org/
10.4015/S1016237209001283.
Valente, G., Pitto, L., Testi, D., Seth, A., Delp, S.L., Stagni, R., Viceconti, M., Taddei, F.,
2014. Are subject-speciﬁc musculoskeletal models robust to the uncertaintiesnt and muscle mechanics predicted by musculoskeletal models
p://dx.doi.org/10.1016/j.jbiomech.2016.07.042i
G. Lamberto et al. / Journal of Biomechanics ∎ (∎∎∎∎) ∎∎∎–∎∎∎ 9in parameter identiﬁcation? PLoS One 9, e112625. http://dx.doi.org/10.1371/
journal.pone.0112625.
Viceconti, M., Testi, D., Taddei, F., Martelli, S., Clapworthy, G.J., Van Sint Jan, S., 2006.
Biomechanics modeling of the musculoskeletal apparatus: Status and key
issues. Proc. IEEE 94, 725–738. http://dx.doi.org/10.1109/JPROC.2006.871769.
Wagner, D.W., Stepanyan, V., Shippen, J.M., DeMers, M.S., Gibbons, R.S., Andrews, B.
J., Creasey, G.H., Beaupre, G.S., 2013. Consistency among musculoskeletal
models: caveat utilitor. Ann. Biomed. Eng. 41, 1787–1799. http://dx.doi.org/
10.1007/s10439-013-0843-1.
Ward, S.R., Eng, C.M., Smallwood, L.H., Lieber, R.L., 2009. Are Current Measurements
of Lower Extremity Muscle Architecture Accurate? Clin. Orthop. Relat. Res. 467,
1074–1082. http://dx.doi.org/10.1007/s11999-008-0594-8.Please cite this article as: Lamberto, G., et al., To what extent is joi
sensitive to soft tissue artefacts? Journal of Biomechanics (2016), httWesseling, M., Derikx, L.C., de Groote, F., Bartels, W., Meyer, C., Verdonschot, N.,
Jonkers, I., 2015. Muscle optimization techniques impact the magnitude of
calculated hip joint contact forces. J. Orthop. Res. 33, 430–438. http://dx.doi.
org/10.1002/jor.22769.
Wrbaskić, N., Dowling, J.J., 2007. An investigation into the deformable character-
istics of the human foot using ﬂuoroscopic imaging. Clin. Biomech. (Bristol,
Avon) 22, 230–238. http://dx.doi.org/10.1016/j.clinbiomech.2006.09.006.
Yamaguchi, G.T., Zajac, F.E., 1989. A planar model of the knee joint to characterize
the knee extensor mechanism. J. Biomech. 22, 1–10. http://dx.doi.org/10.1016/
0021-9290(89)90179-6.nt and muscle mechanics predicted by musculoskeletal models
p://dx.doi.org/10.1016/j.jbiomech.2016.07.042i
